Oscillatory mode coupling between two coherent laser beams is produced when an interference pattern moves against a quasi-static electrically strobed grating in a photorefractive AlGaAs͞GaAs multiple-quantum-well diode operated in the quantum-confined Stark geometry. The oscillation frequency is equal to the frequency difference between the two laser beams and provides a method to measure high-frequency Doppler shifts or large surface displacements for laser-based ultrasound. Combined photorefractive gains (normally forbidden by symmetry in the Stark geometry) and absorptive gains approach 1200 cm 21 during two-wave mixing using moving gratings.
The longitudinal-geometry photorefractive diodes respond transiently to changes in electric fields and exhibit a rich variety of spatiotemporal dynamics. 1, 11 By using short electrical pulses ͑ഠ100 ms͒ at kilohertz repetition rates it is possible to set up a quasi-static grating created by two interfering laser beams during the strobe. When the intensity pattern moves at a fixed velocity, oscillatory mode coupling between the two laser beams can be achieved because of the movement of the fringe pattern relative to the f ixed grating. We present what is to our knowledge the f irst experimental demonstration of oscillatory photorefractive gain in these devices caused by the beating of the moving interference pattern against the quasi-static strobed grating.
The p-i -n photorefractive diodes were grown by molecular beam epitaxy on n 1 GaAs substrates. The i region of growth 032296C consisted of a lowtemperature-grown ͑ഠ320 ± C͒ multiple-quantum-well layer consisting of 120.5 periods of 10-nm GaAs wells and 3.5-nm Al 0.3 Ga 0.7 As barriers sandwiched between 500-nm Al 0.5 Ga 0.5 As buffer layers. Heavily doped p and n layers are grown to form a standard p-i-n structure (see inset of Fig. 2 below) . Details of the device structure and fabrication procedures can be found elsewhere. 1 The nonstoichiometric growth, which incorporates ഠ0.1% excess arsenic, retains excellent electro-optic properties, 12 which are required for twowave mixing. 13, 14 We performed nearly degenerate two-wave mixing using a cw Ti:sapphire laser tuned to 850 nm and a fringe spacing of L 30 mm. Two acousto-optic modulators controlled the frequency difference, V, between the two equal-intensity writing laser beams. We created the moving interference pattern by keeping one of the acousto-optic modulators at a f ixed frequency ͑ f 80 MHz͒ while varying the frequency of the other modulator, f 1 V. The electric field was strobed at a repetition rate of 2 kHz with a 5-V͞mm single-sided reversed biased 100-ms square pulse. The electronic strobe produces a quasi-static grating in the photorefractive quantum-well diode. The transmitted zero-order beams were detected by silicon photodiodes with 650-nm-long pass f ilters. The temporal dynamics were recorded on a digital storage oscilloscope when the two laser beams were copolarized (resulting in nonreciprocal energy transfer) and compared with the transient electroabsorption of the device when the two beams were cross polarized. The change in transmitted intensity DI as a result of changing polarization def ines the mode-coupling intensity.
The dynamic interchange of energy between the two laser beams propagating in the sample perpendicular to the grating vector (in the direction of the applied field) is described by a coupled-mode formalism for the propagation vectors for the intensities I 1 and I 2 . The coupled-mode equations are given by 15, 16 
where
The coefficient G n ͑t͒ describes the photorefractive gain (which is due to index gratings), G a ͑t͒ is the absorptive gain (due to absorption), a͑t͒ is the absorption, and n͑t͒ is the refractive index, all of which are time dependent. In the longitudinal f ield geometry the time-independent phase shift is f 0 ഠ 0, because of the symmetry of the device. The time-dependent f irst Fourier coeff icients of the absorption and index gratings are given by a m ͑t͒ and n m ͑t͒, which have been normalized by the modulation index m ͑2 p I 1 I 2 ͒͑͞I 1 1 I 2 ͒. The coupling from the absorption gratings appears symmetrically in Eqs. (1) and (2), whereas the coupling from the index gratings is antisymmetric. Hence antisymmetric energy transfer is a result of the index gratings, in which one laser beam is amplif ied at the expense of the other.
The transient response of the photorefractive diodes caused by the formation of quasi-static gratings is shown in Fig. 1 . The electrical strobe freezes the intensity pattern in space. Hence it is possible to observe the beating between the moving interference pattern against the quasi-static strobed grating for as long as the grating persists. Mode coupling DI that is due to the moving intensity pattern for a detuning V 19.6 kHz is shown. The incident laser intensity on the device was ഠ10 mW͞cm 2 at 850 nm. Antisymmetric energy transfer is demonstrated as asymmetry between the two beams. Oscillations persist after the electric f ield has been turned off, which is a consequence of the beating of the moving interference fringes against the quasi-static strobed grating created in the photorefractive diode by the electrical pulse. These oscillations are caused by the timevarying argument of Eq. (3) describing the shift between the intensity pattern and the space-charge field. The decay of the oscillation amplitude is due to erasure of the index (and absorption) gratings in the photorefractive diode as the interference fringes move across the device after the electric f ield is turned off. The decay is determined by the dielectric relaxation rate of the photorefractive diode, which was determined to be ഠ20 kHz at a laser illumination intensity of ഠ10 mW͞cm 2 . The electrical strobe is caused by the transient voltage swing in the device, which sets up a displacement current within the device that can be viewed as a capacitor in an equivalent circuit. 11 Hence in terms of the space-charge dynamics the change in voltage causes the strobe, while the pulse duration is of secondary importance.
The oscillations shown in Fig. 1 after the electric field has been turned off have a characteristic frequency, which is measured from the positions of the peaks of the mode-coupling intensity. The peak positions determine optimum conditions for antisymmetric energy transfer between the two laser beams under specific operating conditions such as applied electric field, frequency offset, and illumination intensity. The applied electric f ield determines the strength of the index and absorption gratings 17 for a given intensity, and the frequency offset between the laser beams dictates the temporal dynamics. The frequency of the oscillatory gain is shown in Fig. 2 as a function of the frequency difference V between the two laser beams. The oscillatory frequency is equal to the frequency difference between the two laser beams to high accuracy.
The asymmetry in the transmitted signal, DI 1 2 DI 2 , divided by the total transmitted intensity, I 1 1 I 2 , and by the active crystal length def ines the photorefractive gain, G n ͑t͒. The absorptive gain, G a ͑t͒, is determined from the symmetric component of the transmitted intensities, DI 1 1 DI 2 , divided by the same factor. Both gains contribute to a complex gain, def ined bỹ
The photorefractive gain and the absorptive gain act in quadrature. Hence each component of the gain approaches a maximum at different times. Depending on the wavelength of the laser and on the electric f ield used, there is a f inite contribution from both gains as a function of time. To account for both contributions, the magnitude of the complex gain as a function of the electric f ield is shown in Fig. 3 for three grating velocities. The photorefractive diode was operated with 300-ms reverse-bias square pulses at a repetition rate of 1 kHz, with an incident laser intensity Fig. 1 . Oscillation in the transmitted intensity (mode coupling) due to moving gratings for the two laser beams at a detuning V 19.6 kHz. Oscillations continue to persist after the electric field has been turned off. Fig. 2 . The frequency of oscillatory gain is found to be equal to the difference frequency V between the two laser beams during two-wave mixing. The line is y x. Inset, the device structure. of ഠ25 mW͞cm 2 at 852 nm. Effective gains approaching 1200 cm 21 are demonstrated at a fringe spacing L 30 mm. The contribution to the transmitted intensity from the absorption grating is symmetric with respect to the photorefractive phase shift, whereas the contribution from the index grating is antisymmetric. This feature makes it possible to measure the contributions from the absorption and index gratings separately. The complex gain at our working wavelength of 852 nm is dominated by the index gratings at low fields. At high f ields the absorption gratings dominate, probably because of a significant Stark shift at higher f ields, which results in a larger contribution to the absorptive gratings. The photorefractive and absorptive gains were found to approach 1000 cm 21 independently. In Fig. 3 , at large electric f ields (approaching 10 V͞mm) the effective gain decreases because the space charge needs more time to screen the applied f ield, causing saturation and even a decrease in the grating amplitude. Higher detunings produce more-pronounced decreases. Thus for a given Doppler shift between the laser beams there is an optimum f ield that should be applied to the device for a particular laser intensity.
The versatility of the photorefractive diodes to measure Doppler shifts. can be used with a simple laser-based velocimeter 17 to measure a range of velocities. Earlier techniques of laser velocimetry 17 relied on photocurrents generated in photoconductive semiconductors. The dynamic range in the photocurrent technique is limited by the dielectric relaxation rate. Our novel technique of oscillatory mode coupling operates at frequencies higher than the dielectric relaxation rate and eliminates the need for complex electronic circuits, such as high-gain, low-noise transimpedance amplif iers. It also has advantages over other techniques for measuring velocities that require interferometric arrangements 18 that need precise alignment.
It is important to note that this technique is signif icantly different from standard square-law heterodyne detectors. The photorefractive diode acts as an adaptive beam splitter and compensates for any slowly (compared with the response time of the photorefractive diode) varying changes. The dynamic hologram ensures that the phase fronts are exactly matched and thus is not speckle limited.
In conclusion, we have presented what is to our knowledge the first experimental demonstration of oscillatory mode coupling in Stark-geometry photorefractive p-i -n quantum well diodes. The simple linear relationship between the mode oscillation frequency and the detuning between the two laser beams makes these devices candidates for optical applications such as optical vibration analysis and laser velocimetry.
